Gene flow between crops and their weedy or wild relatives can be problematic in modern agricultural systems, especially if it endows novel adaptive genes that confer tolerance to abiotic and biotic stresses. Alternatively, gene flow from weedy relatives to domesticated crops may facilitate ferality through introgression of weedy characteristics in the progeny. Cultivated sorghum (Sorghum bicolor), is particularly vulnerable to the risks associated with gene flow to several weedy relatives, johnsongrass (S. halepense), shattercane (S. bicolor ssp. drummondii) and columbusgrass (S. almum). Johnsongrass and shattercane are common weeds in many sorghum production areas around the world. Sorghum varieties with adaptive traits developed through conventional breeding or novel transgenesis pose agronomic and ecological risks if transferred into weedy/wild relatives. Knowledge of the nature and characteristics of gene flow among different sorghum species is scarce, and existing knowledge is scattered. Here, we review current knowledge of gene flow between cultivated sorghum and its weedy and wild relatives. We further discuss potential avenues for addressing gene flow through genetic, molecular, and field level containment, mitigation and management strategies to facilitate successful deployment of novel traits in this economically important crop species.
I. Introduction
Populations of a species are not isolated entities but can exchange genetic materials through various means: processes collectively known as gene flow. Gene flow is the "change in gene (i.e., allele) frequency in a population because of movement of gametes, individuals, or groups of individuals from one location to another" (Slatkin, 1987) . In plants, gene flow can occur by the dispersal of pollen followed by cross-pollination and hybridization or by the dispersal of propagules such as seeds, plant fragments or the entire plant (Warwick et al., 2009) . Seed-loss during commodity transport can be another source of gene flow for the spread of crop alleles (Warwick et al., 2009) . Unless mentioned otherwise, this review focuses specifically on pollenmediated gene flow. In an evolutionary sense, gene flow does not only refer to the physical movement of pollen but includes hybridization and production of viable progeny. Initially believed to have no or small evolutionary significance, gene flow is now well known for its broad evolutionary consequences and has received increasing attention during the past decade (Ellstrand, 2014) .
Gene flow occurring between populations of the same species may act as a homogenizing force against genetic drift, leading to the maintenance of local diversity (Slatkin, 1987) . By supplying populations with new alleles, gene flow alleviates inbreeding depression (Tallmon et al., 2004) , and increases the adaptive potential of small populations (Gomulkiewicz et al., 2010) . When the rate of gene flow [10 ¡4 to 10 ¡2 ; Ellstrand, 2014] is greater than the frequency of spontaneous mutation [e.g. 5 £ 10 ¡9 assumed for the target gene endowing resistance to the herbicide glyphosate, Neve et al., 2011] , gene flow can become the primary source of genetic diversity. The rate of gene flow could vary depending on the species (i.e., interspecific), population and individuals within the population (i.e., intraspecific), plant age, distance and density of the available pollen (Ellstrand, 2014) .
Gene flow is one of the main drivers of speciation and some of today's most important crops are the product of wide hybridization (Arnold, 1992) . About one-fourth of the characterized plant species are the result of interspecific or intergeneric hybridization (Mallet, 2005) . The classic example of this process is the spontaneous interspecific hybridization that gave rise to the tetraploid durum wheat (Zohary et al., 2012) and later to the hexaploid bread wheat (Feldman and Levy, 2012) . Humans have exploited gene flow for the domestication of crops by transferring desirable traits via wide crosses, usually followed by repeated backcrossing (i.e., introgression). Leaf and stripe rust [Puccinia triticina Eriks. (Pt) and P. striiformis Westend f. sp. tritici (Pst)] resistances have been transferred to wheat (Triticum aestivum L.) from Aegilops umbellulata Zhuk. (Chhuneja et al., 2007) , late blight (Phytophthora infestans) resistance to potato (Solanum tuberosum) from Solanum demissum and Solanum phureja (Darsow, 2016) , and resistance to the bean golden yellow mosaic virus (BGYMV) in common bean (Phaseolus vulgaris) from Phaseolus coccineus (Osorno et al., 2007) , are some examples of wide crosses. Humanmediated gene flow has occurred traditionally by controlled hand pollination or by using more advanced methods such as hybrid embryo rescue, protoplast fusion and transgenesis (Hajjar and Hodgkin, 2007) . Modern advancements in genetic engineering have accelerated the development of crops with novel traits that are not present in wild relatives (Kamthan et al., 2016) . Transgenic crops are now widely accepted and cultivated worldwide in countries comprising more than half the world's population (Brookes and Barfoot, 2016) .
Potential for gene flow between congeners limits the widespread cultivation of certain transgenic crops wherein the crop and its weedy (in cultivated fields) and/ or wild (outside of cultivated fields) relatives occur in sympatry within agroecosystems (Warwick et al., 2009) . In fact, concerns associated with gene flow are not limited to traits introduced through genetic engineering; they are also shared by traditional breeding approaches. Pollen-mediated gene flow represents an ecological concern when the congeners occur in ruderal and other human-modified habitats, leading to the escape and persistence of novel traits in the broader environment (Warwick et al., 2009 ). Gene flow is mainly an issue in agroecosystems when adaptive traits, such as abiotic or biotic stress tolerances, are introgressed into weedy relatives and provide fitness advantage to hybrid progenies (Ellstrand, 2014) .
Cultivated sorghum (Sorghum bicolor (L.) Moench., 2n D 2x D 20, hereafter sorghum) is a classic example where gene flow with weedy/wild relatives presents an ecological as well as agronomic issue. Sorghum can hybridize with its weedy relatives johnsongrass (S. halepense L., 2n D 4x D 40), shattercane [S. bicolor (L.) Monech ssp. drummondii (Nees ex Steud.) De Wet ex Davidse, 2n D 2x D 20] and columbusgrass (S. almum Parodi, 2n D 4x D 40). S. halepense is an important perennial weedy/wild relative of sorghum and is both a troublesome agronomic weed in crop production fields and an invasive weed in roadsides and other non-cultivated areas. S. bicolor ssp. drummundii is an annual weedy relative of sorghum, found predominantly in crop production fields. Columbusgrass (S. almum Parodi) (2n D 4x D 40) is cultivated as a forage crop; though not very common, it can be found as a weed in crop fields and roadside habitats (USDA-NRCS, 2016) . Additionally, feral sorghum (cultivated sorghum dispersed and established on roadsides and other non-crop habitats) and volunteer sorghum (sorghum plants establishing in production fields after seed loss during harvest) may present important avenues for the escape of novel traits. As a drought tolerant crop, sorghum can be more productive than corn in areas with low water availability (Getachew et al., 2016) . With climate variabilities and associated reduction in rainfall in many areas, sorghum cultivation is expected to expand worldwide. As a result, gene flow between cultivated and weedy/wild relatives of sorghum is a growing concern.
Grass weed management, including the management of S. halepense and S. bicolor ssp. drummondii, is a major constraint to sorghum production. S. halepense is a particularly troublesome weed because it is a perennial species, spreading by underground rhizomes as well as seeds. S. halepense causes severe yield losses in grain sorghum (Lopez, 1988) . Because of the genetic similarities between the crop and weedy Sorghum spp., there is no selective herbicide option available for controlling the weedy forms in cultivated sorghum, except for a seed treatment that confers tolerance to the herbicide S-metolachlor (Stahlman and Wicks, 2000) . Additional novel herbicide tolerance technologies are needed by sorghum growers to selectively manage weedy Sorghum spp. and other difficult-to-control grass weeds. The herbicideresistant Inzen TM grain sorghum, which is resistant to acetolactate synthase (ALS)-inhibiting herbicides has been approved for commercial cultivation in the US. This technology can be short-lived if gene flow between the cultivated and weedy sorghums is not contained, mitigated and/or managed through the adoption of sound stewardship practices. Experience with the ALS-inhibitor-resistant rice technology (Burgos et al., 2008) suggests that gene flow and transfer of herbicide resistance from the crop to wild/weedy relatives can severely compromise the longevity of the technology. Rice, unlike sorghum, is cleistogamous, and has only about a 0.4% outcrossing rate, yet there was sufficient outcrossing with weedy rice that resistance was prevalent in weedy rice only within three generations (Gealy et al., 2003) .
There are several potential traits for sorghum improvement, in addition to herbicide resistance. Grain nutritional quality , protein digestibility (Kumar et al., 2012) , cold tolerance (Knoll and Ejeta, 2008) , increased water use efficiency (Maheswari et al., 2010) , salt tolerance (Maheswari et al., 2010) , improved nitrogen uptake and utilization (Massel et al., 2016) , and increased resistance to insects (Girijashankar et al., 2005) and diseases (Akosambo-Ayoo et al., 2011) are some of the valuable traits for sorghum improvement. Furthermore, sorghum has enormous potential as a bioenergy feedstock (Rooney et al., 2007) . Given the growing importance of sorghum for bioenergy production, efforts have been focused on improving the feedstock quantity and quality of sorghum through deployment of advanced molecular tools.
Given the vital importance of improving sorghum with novel traits, evaluating the risk of gene flow among Sorghum spp. and developing suitable strategies to address gene flow are critical and timely. In this review, we explore the ecological, evolutionary, and agronomic consequences of gene flow from cultivated Sorghum spp. to their weedy/wild relatives and discuss plausible measures for addressing gene flow. Specifically, this review compiles available information on all aspects of gene flow in Sorghum spp. that are relevant to understanding its impacts on the deployment of novel traits in this globally important crop. This review first provides an overview of different sorghum species, origins, and phylogeny as well as distribution, then focuses on published accounts of hybridization among Sorghum spp. and progeny fitness, and finally provides a discussion of the implications of gene flow and potential containment, mitigation and management measures to address gene flow.
II. The origin of cultivated sorghum and its weedy relatives
The genus Sorghum consists of 23 species that are classified into five subgeneric sections, Eu-sorghum, Chaetosorghum, Heterosorghum, Parasorghum and Stiposorghum (Garber, 1950; De Wet, 1978; Lazarides et al., 1991) . The Eu-sorghum section which has a natural distribution through Africa and southern Asia includes cultivated sorghum (S. bicolor), S. almum Parodi, S. propinquum (Kunth) Hitchc., and S. halepense (De Wet, 1978) . Chaetosorghum and Heterosorghum are monotypic sections with their respective species S. laxiflorum F.M. Bailey and S. macrospermum E. D. Garber located in the AustraloPacific region. Seven species which are from Asia, Australia or Central America, are grouped in the section Parasorghum, while ten species from northern Australia are in the Stiposorghum section (Lazarides et al., 1991) . The domestication of sorghum occurred in modern day Ethiopia and surrounding countries, commencing around 4000-3000 BC (De Wet and Harlan, 1971) . Sorghum species diverged through the practice of disruptive selection over thousands of years (De Wet and Harlan, 1971 ).
S. bicolor and S. propinquum are the genetically closest species among the Old World sorghums (De Wet and Harlan, 1971) and are classified as different species based on their spatial isolation (DeWet, 1978) . S. bicolor, which originated in Africa and S. propinquum whose center of origin is East Asia (Defelice, 2006) make up the primary gene pool of modern sorghum cultivars (Hadley, 1958; Endrizzi, 1957; DeWet and Harlan, 1971) . The rest of the Eu-sorghum section makes up the secondary gene pool while sections Chaetosorghum, Heterosorghum, Parasorghum and Stiposorghum comprise a tertiary gene pool. No species outside of the Eu-sorghums have been used in sorghum improvement because of strong reproductive barriers (Garber, 1950; Schertz and Dalton, 1980; Doggett, 1988; Hodnett et al., 2005) . Sorgham bicolor has three subspecies including ssp. bicolor (cultivated sorghum), ssp. drummondii (with races called sudangrass and shattercane), and ssp. arundinaceum (common wild sorghum). All of them originated in Africa and are interfertile. Five varieties (S. bicolor ssp. bicolor var. bicolor, var. aethiopic, var. arundinaceum, var. verticilliflorum, and var. virgatum) and five cultivated races (bicolor, kafir, caudatum, guinea, durra) have been identified for S. bicolor in its center of origin, mainly based on the shape of spikelet and inflorescence (De Wet and Harlan, 1971) . It is believed that S. bicolor ssp. arundinaceum is the ancestor of S. bicolor ssp. bicolor (Ejeta and Grenier, 2005) . However, in some literature, S. bicolor ssp. arundinaceum is considered as a separate species (Endrizzi, 1957) . S. bicolor ssp. arundinaceum has four races: aethiopicum, arundinaceum, verticilliflorum, and virgatum (De Wet, 1978) . S. bicolor ssp. drummondii resulted from hybridization between S. bicolor ssp. bicolor £ S. bicolor ssp. arundinaceum. Sudangrass and shattercane are the two races of S. bicolor ssp. drummondii. The race sudangrass has long been grown as a forage crop in the region comprising southern Egypt to Sudan (De Wet, 1978) , whereas shattercane is a weedy race that co-occurs with cultivated sorghum (Defelice, 2006) . Another school of thought is that shattercane is a feral form of cultivated sorghum, which grows tall and shatters its seed (Ejeta and Grenier, 2005) .
S. propinquum is a diploid biennial to perennial species, which is believed to be the ancestor for all rhizomatous sorghum species. Genes related to rhizome production, overwintering and seed shattering have been identified in S. propinquum, which appear to be responsible for the weediness of S. halepense (Paterson et al., 1995) . The ability to produce rhizomes appears to have evolved under humid and high rainfall conditions of the Indian subcontinent and Southeast Asia (Ejeta and Grenier, 2005) . Research on the evolution of rhizomatousness has revealed that the genes contributing to rhizome production in S. propinquum are in fact present in S. bicolor and have similar expression levels, indicating the multiple functions for these genes. However, these genes may have lost some of their functions (i.e., loss of rhizome production) in S. bicolor (Jang et al., 2009) . Although S. propinquum has many weedy characteristics, it has never been reported to be as problematic as S. halepense.
S. halepense is an important rhizomatous perennial species in the genus Sorghum. The source of ploidy in this species, however, is still a topic of debate. Initial cytological studies suggested that S. halepense is an autoploid derived from S. bicolor (Hadley, 1958) . Chromosome doubling in S. propinquum has also been suggested as another mechanism giving rise to this species since johnsongrass is rhizomatous (Defelice, 2006) . Paterson et al. (1995) suggested that S. halepense has evolved from natural hybridization between S. bicolor and S. propinquum, followed by chromosome duplication, giving rise to a tetraploid genotype. Another possibility is the production of unreduced 2n gametes in S. bicolor and S. propinquum, leading to a tetraploid hybrid. Regardless, johnsongrass has likely originated in the native ranges of S. bicolor and S. propinquum, from the Mediterranean to southeastern India (Ejeta and Grenier, 2005) . In its native range, two morphologically distinct ecotypes have been reported for S. halepense (De Wet and Huckabay, 1967) : the Mediterranean tetraploid ecotype and the tropical diploid ecotype. De Wet and Huckabay (1967) classified S. halepense as a subspecies of S. bicolor, which seems unlikely based on phenotypic and hybridization differences.
S. almum is the most modern member of the genus Sorghum. Although derived from the Old World species, S. almum had not evolved in the African-Asian range, but rather in Argentina through natural hybridization between S. halepense £ S. bicolor (Klier, 1988) . S. almum is a tetraploid, rhizomatous species with weedy characteristics likely conferred by heterosis (Ejeta and Grenier, 2005) . It is often difficult to differentiate S. almum from S. halepense morphologically and it should be confirmed genetically. Therefore, S. almum is occasionally misclassified as S. halepense. To date, there is no genetic marker available for positive identification of S. almum.
Given the high number of subspecies, varieties and races, which can intercross to result in hybrid lineages, a robust identification and classification of Sorghum taxa within the Eu-sorghums is extremely difficult. The published genome of S. bicolor ) may alleviate some of these ambiguities as it provides a reference for genotyping by sequencing (GBS) analysis and identification of novel evolutionarily significant regions for phylogenetic studies.
III. Hybridization among sorghum spp.
A. Evidence of hybridization
Both intra-and inter-specific hybridizations are common in the genus Sorghum. In Africa, the co-occurrence of weedy and wild forms of sorghums has allowed for continuous gene flow and introgression. In fact, the majority of current sorghum crops and weedy/wild relatives have arisen from natural hybridization among different Sorghum spp. (Ejeta and Grenier, 2005) . Cross-compatibility between Eu-sorghum species has long facilitated sorghum breeding with selection for favorable traits (Dillon et al., 2007; Hajjar and Hodgkin, 2007) . Many of the cultivated sorghum characteristics (e.g. grain size, less seed shattering, dwarfness, photoperiod insensitivity, post and pre-anthesis drought tolerance) have been employed through hybridization between different subspecies, ecotypes, varieties and races of S. bicolor (Dillon et al., 2007) . For example, S. bicolor ssp. arundinaceum has been used as a germplasm source for improving grain yield in hybrid grain sorghum cultivars (Jordan et al., 2004) . However, the potential of wild and weedy species of the genus as germplasm resources for sorghum improvement has not been well explored. These wild/weedy species are promising sources for different biotic and abiotic resistance traits. Hybridization between S. bicolor and S. macrospermum, the first reported intersectional hybrids , has promise for introducing several insect and disease resistance traits into modern sorghum cultivars (Kuhlman et al., 2008) .
Attempts to hybridize S. bicolor and S. halepense under controlled conditions have been successful, though at varying frequencies (Hadley, 1958; Dweikat, 2005) . Cytological studies of S. bicolor £ S. halepense and S. bicolor £ S. propinquum revealed the ancestral role of S. bicolor and S. propinquum and the source of ploidy in S. halepense (Casady and Anderson, 1952; Hadley and Mahan, 1956; Endrizzi, 1957; Klier, 1988) . Under field conditions, unassisted hybridization occurred successfully between S. bicolor £ S. halepense (Arriola and Ellstrand, 1997) and S. bicolor £ S. bicolor ssp. drummondii (shattercane) (Schmidt et al., 2013) . Moreover, the presence of sorghum specific alleles in populations of johnsongrass indicates successful gene flow and introgression (Morrell et al., 2005) . The above observations indicate that gene flow is plausible between cultivated sorghum and its weedy/wild relatives, but the frequency of hybridization with different sorghum genetic backgrounds and progeny fitness has not been well understood.
The majority of grain sorghum grown in the US are hybrid cultivars that utilize male sterility systems for hybrid seed production. Male sterility in grain sorghum is a recessive trait and commercial hybrid seed is heterozygous for alleles conferring this trait (Rooney and Smith, 2000) . Often, grain (which is F 2 seed) harvested from the commercial hybrid crop is dispersed along the roadside during transport. Due to segregation, approximately 25% of the plants which establish along the roadside from this seed will be male sterile, but female fertile. The presence of male sterility in such feral sorghum may enhance the opportunities for hybridization with compatible weedy/wild relatives within the vicinity, including on roadsides, field edges and/or in production fields. It is not uncommon to notice feral sorghum populations co-occurring with S. halepense in roadside habitats in South Texas (Figure 1 ). Likewise, volunteer sorghum plants may co-occur with S. halepense in production fields, allowing gene flow to occur between them. Gene flow may also occur between volunteer sorghum occurring in production fields and S. halepense present in field edges and roadsides. Similar to feral sorghum, 25% of the volunteer sorghum (i.e., F 2 seed) is expected to be male sterile. However, the degree of hybridization involving feral/volunteer sorghum and progeny characteristics have not been studied.
B. Factors influencing hybridization
The success of natural, unaided hybridization among different sorghum species depends on several factors, including the distance between pollen donor and recipient plants, flower structure, flowering synchrony, mating system, and genetic barriers. The rate of gene flow usually declines with increasing distance between interacting populations. For example, pollen-mediated gene flow occurred from S. bicolor to S. halepense plants over a distance of 100 meters (Arriola and Ellstrand, 1997) . The rate of gene flow from S. bicolor to S. bicolor ssp. drummondii declined from 3.6 to 0.09% when the distance from the pollen source increased from 0 to 200 m (Schmidt et al., 2013) . Although the rate of gene flow decreases by increasing the distance, it may remain evolutionarily significant to spread advantageous alleles or counteract genetic drift (Blair et al., 2012) .
The rate of gene flow is influenced by the degree of flowering overlap (i.e., flowering synchrony) between species, so that viable pollen can be transferred to receptive stigmas (Warwick et al., 2009) . S. bicolor is primarily a wind-pollinated crop, with a flowering window of 5 to 10 days (Vanderlip and Reeves, 1972) . While this is a short window, weedy congeners such as S. halepense have much wider flowering periodicity, owing to the production of multiple shoots at periodic intervals. Flowering in S. halepense usually extends from seven weeks after seedling emergence through the end of the growing season (McWhorter, 1961) . As a facultative day length species, S. halepense flowered under both short and long photoperiods of 8, 10.5, 12, and even 14 hours (Knight and Bennett, 1953) . Due to the ability of S. halepense to flower regardless of the photoperiod, flowering synchrony generally occurs to a considerable degree between S. bicolor and S. halepense, irrespective of crop planting date and environmental conditions. Although S. bicolor ssp. drummondii (shattercane) grows similar to cultivated sorghum, it has a much longer flowering window (6 to 22 days), thus increasing the opportunities for outcrossing between the two species (Schmidt et al., 2013) .
Sorghum has complete, imperfect flowers with a natural tendency for self-pollination. High levels of self-pollination in sorghum mean that many of the ovules will not be available for cross-fertilization. The openness of the panicles also appears to influence the rate of outcrossing. Outcrossing rates for S. bicolor with compact panicles can reach 20% (Ellstrand and Foster, 1983) while outcrossing rates of 61% have been reported in sudangrass (S. bicolor ssp. drummondii) which has an open, grass-like panicle (Pedersen et al., 1998) . Both S. halepense and S. bicolor ssp. drummondii (shattercane) have more open panicles than their cultivated congeners, which implies higher levels of outcrossing. However, no study has reported the effect of panicle openness on the level and rate of outcrossing between sorghum and its weedy relatives.
The presence of genetic barriers such as pollen-pistil incompatibility can limit the rate of gene flow among different sorghum species. To produce viable seeds, the pollen grain must adhere to the recipient stigma, germinate and grow a pollen tube which successfully delivers sperm that fertilize the egg and central cell. Cross-fertilization is rare between cultivated and native Australian sorghum species compared to the Old World sorghum due to genetic barriers. Hodnett et al. (2005) identified strong pollen-pistil incompatibilities, whereby the pollen of 14 Australian sorghum species behaved abnormally on the pistils of S. bicolor. Pollen tubes of eight of the species ceased growing in the stigma while a few pollen tubes from three species did grow into the ovary. A single S. bicolor £ S. macrospermum hybrid was recovered from 1237 pollinated florets . All the existing evidence on pollen-pistil incompatibility between S. bicolor and the Australian sorghum species were based on using S. bicolor as the maternal parent. This might be simply because of the material availability (i.e., cytoplasmic male sterility in sorghum) that facilitated the crosses in only one direction. Whereas, no observation has ever been made for the other direction of crosses (i.e., sorghum as the pollinator parent).
The observed pollen-pistil incompatibilities between Australian sorghum species and S. bicolor was related to the presence of an inhibitory gene called Iap (inhibition of alien pollen). When the dominant allele of the gene Iap is present in the maternal plant, the growth of the pollen tube is inhibited (Price et al., 2006) . Although the recessive allele (iap) happens to be rare, it was detected in a non-cultivated sorghum line (Laurie and Bennett, 1989) and has led to the development of a sorghum line (Tx3361) homozygous for iap (Kuhlman and Rooney, 2011) . Hybrid embryos were produced when Tx3361 was pollinated with S. macrospermum, S. angustum or S. nitidum (Price et al., 2006) . In vivo rescue of the developing embryos was required for the Tx3361 £ S. angustum and the Tx3361 £ S. nitidum hybrids, but Tx3361 £ S. macrospermum produced hybrid seed. BC 2 F 1 plants have been created from the Tx3361 £ S. macrospermum hybrid and introgression has been demonstrated (Kuhlman et al., 2010) . The sorghum line with the iap gene increases the likelihood for inter-specific hybridization and facilitates the introgression of desired genes in sorghum breeding programs. However, the level of successful inter-specific hybridization may vary depending on the phylogenetic relatedness between the iap sorghum line and other species (Price et al., 2006) .
Ploidy differences between two sorghum species can be another genetic barrier that influences the rate of gene flow. For instance, crosses between diploid sorghum and tetraploid johnsongrass are typically expected to produce triploid embryos; the majority of the triploid embryos may not develop into mature seed due to endosperm collapse, also known as "triploid block" (Watkins, 1932) . However, few cases of triploid hybrid survival from crosses between S. bicolor and S. halepense have been reported (Hadley, 1958; personal observations) . While those triploid hybrids were male sterile (i.e.,, infertile pollen), they can be female fertile and receptive to pollen from any of the parental species (personal observations). Nevertheless, the fate of triploid hybrids and the ability for backcrossing under field conditions is unknown. The influence of ploidy differences on the rate of gene flow can also differ depending on the direction of gene flow (i.e., whether a species was used as a male or a female parent). For example, the outcrossing rate between tetraploid sorghum (colchicine induced ploidy) and johnsongrass was as high as 81% when johnsongrass was the female parent, compared to only 33% in the opposite direction (Sangduen and Hanna, 1984) . Such differences could be attributed to the presence of genetic barriers to pollen germination and/or pollen tube growth when gene flow occurs in a specific direction or can be due to post fertilization barriers. Since both parents had the same ploidy levels, the obtained hybrids from reciprocal crosses were entirely fertile and easily backcrossed to their parental species.
IV. Fitness of hybrid progeny
The fate of hybridization between two sorghum species depends on the fitness of hybrids resulting from such hybridization. However, it is not a trivial task to characterize fitness; most hybridization studies aiming at evaluating fitness have focused on measuring some growth characteristics of the early hybrid generations (listed in Table 1 ). However, fitness should be characterized based on the performance of the hybrid progenies under natural, competitive conditions over the entire life-cycle of the plant over a number of generations. Greater seed production by a given genotype under greenhouse conditions may not necessarily translate into greater contribution of that genotype to the pool of offspring in the next generation if, for example, the seeds exhibit a lower survival rate in the seedbank compared to other genotypes. Therefore, the measured traits related to fecundity and growth rate may not adequately represent fitness.
Hybridization can lead to novel combinations of biological traits in the hybrids, with direct fitness consequences, or increased diversity upon which selection can act. In the case of positive heterosis or hybrid vigor, the Crosses between S. bicolor (<) and S. halepense (,) produced more seeds than when crosses were made in the opposite direction. The F 1 hybrids were vigorous, leafy and more resembled S. halepense than S. bicolor. Some degree of segregation was observed in the F 2 progeny for plant height and panicle compactness. Sangduen and Hanna (1984) S. bicolor £ S. halepense F 1 , BC 1 and BC 2 F 1 hybrids had the highest root, rhizome, stem, leaf and total biomass, but the lowest panicle mass, seed mass and reproductive allocation. Piper and Kulakow (1994) S. propinquum (<) £ S. bicolor (,) B C 1 , F 2 Hybrids varied in rhizome production, but rhizomatous hybrids had high rate of winter survival. Rhizome production was found to be a polygenic trait. Paterson et al., (1995) S. bicolor (<) £ S. halepense (,) F 1 Gene flow was detected at distances of 0.5-100 m from the crop. Hybrids did not show any significant increase or decrease in time to flowering, panicle production, seed production, pollen viability, tiller production, or biomass. Arriola and Ellstrand (1997) S. bicolor (<) £ S. halepense (,) F 2 The rhizome to non-rhizome segregation ratio was 3:1, suggesting a single dominant gene regulation in the rhizomatous phenotype of hybrids. Yim and Bayer (1997) S. bicolor ssp. arundinaceum (<) £ S. bicolor (elite restorer line 31945-2-2) (,)
The hybrids produced high yield. Jordan et al., (2004) S. halepense (<) £ S. bicolor (2n) (,)
The F 1 hybrid progenies were diploid and fertile. Hybrids were intermediate between the parental species for morphological characteristics. The F1 hybrids had lower shattering, seed and rhizome production than S. halepense. hybrid progeny is typically more fit than its parental lineages/species (Hovick et al., 2012) . Weediness of the tetraploid S. almum has been attributed to heterosis resulting from S. halepense x S. bicolor crosses (Ejeta and Grenier, 2005) ; however, a direct comparison of fitness characteristics between S. almum and its parental species is yet to be conducted to establish the degree of heterosis in this species. Heterosis most often occurs in the F 1 progeny if the parents are highly inbred lines, but can disappear with segregation in subsequent generations (Rieseberg, 1997) . Hybrids of S. bicolor £ S. halepense most often express intermediate characteristics and heterosis has rarely been reported for them (Arriola and Ellstrand, 1997) . Although heterosis was claimed to occur in F 1 hybrids between S. almum £ S. bicolor as well as S. bicolor £ S. halepense (Endrizzi, 1957) , the evidence presented for heterosis was very descriptive and was more than likely best described as mid-parent heterosis. F 1 hybrids between S. bicolor ssp. bicolor and ssp. drummondii (shattercane) exhibited greater vegetative vigor and biomass production relative to either parent, though the hybrid lineages did not differ in reproductive output from their parents (Sahoo et al., 2010) . The ploidy of the hybrids appears to influence their fertility and reproductive ability. Crosses between tetraploid S. halepense and diploid S. bicolor can produce different ploidy types: diploid (2n), triploid (3n), tetraploid (4n) (Endrizzi, 1957; Sangduen and Hanna, 1984; Dweikat, 2005) as well as pentaploid (5n) and hexaploid (6n) (Hodnett et al., unpublished) . Crosses between diploid S. bicolor containing nuclear male sterile gene (ms3) and tetraploid S. halepense resulted in fertile diploid hybrid (Dweikat, 2005) . Hadley (1958) obtained infertile triploid and fertile tetraploid hybrids through artificial hybridization between S. bicolor (female) and S. halepense (male). The predominant sterility in the triploids was reversed when back-crossed with a diploid sorghum, producing diploids and aneuploids (Hadley and Mahan, 1956 ; personal observation). Jessup et al. (2012) observed, in putative hybrids of sorghum and johnsongrass collected from the wild, that some of the tetraploid accessions collected were non-flowering and that they The short-day flowering allele was present in S. propinquum and absent in S. bicolor (Kong et al., 2013) S. bicolor (<) £ S. arundinaceum var. arundinaceum
F1
Hybrids from different crosses were fertile. They showed some degree of heterosis.
(Adugna and Bekele, 2013)
bicolor (,) F1 F1 progenies were obtained from crosses between shattercane and ALS-resistant sorghum. The competitive ability of ALS-resistant hybrids and shattercane was similar and did not change with the herbicide application. S. sudanense £ S. bicolor F1 S. bicolor (ABS transgene) (<) £ S.
bicolor ssp. drummondii (,)
F2
The hybrids between African Biofortified Sorghum even 188 (ABS) and S. halepense (i.e., transgene hybrids) did not increase fitness compared to the non-transgene hybrid.
( Magomere et al., 2016) Ã reciprocal crosses.
were a non-flowering accession of S. almum. Further, the nature of male sterility of the female parent also appears to influence ploidy and in turn fertility of the hybrid progeny. When hot water was used to emasculate female parents, the resultant hybrids of S. bicolor £ S. halepense were mainly triploid, with a triploid to tetraploid ratio of 24:2, whereas using genetic or cytoplasmic male sterile females produced a triploid to tetraploid progeny ratio of 7:21 (Hadley, 1958) . In a cross between S. bicolor and S. halepense, both triploid and tetraploid progeny were intermediate for plant height and had open panicles with shattering (Hadley, 1958) . A single diploid hybrid obtained by Dweikat (2005) from the cross between S. halepense (4n) x S. bicolor (2n) was intermediate for most of its morphological characteristics, although it produced rhizomes. Rhizomatousness is particularly an important trait in the hybrids as it allows for persistence in the environment even if they produce sterile florets. Hadley (1958) documented that the triploid hybrids in crosses between S. bicolor and S. halepense were infertile, but strongly rhizomatous as the S. halepense parent, whereas the tetraploid hybrids were fertile but had less vigorous rhizome production than the triploid hybrids. On the contrary, in crosses between colchicine-induced autotetraploid S. bicolor ssp. drummondii and tetraploid S. halepense, the tetraploid hybrid (2n D 4x D 40) progeny were not as rhizomatous and vigorous as S. halepense (Casady and Anderson, 1952) . However, Sangduen and Hanna (1984) found that the F 1 hybrids (2n D 4x D 40) from crosses between tetraploid S. bicolor and tetraploid S. halepense resembled S. halepense in terms of rhizome production. Although there seems to be no clear relationship between ploidy of the hybrid progeny and rhizomatousness, triploid hybrids are more likely to produce more vigorous rhizomes than the tetraploids because the contribution of S. halepense to the genome of triploids is greater than that of the tetraploids. Due to small sample sizes and limited crosses, the studies mentioned above lack enough power to make strong quantitative inferences about rhizome production in hybrids in relation to ploidy level. Yim and Bayer (1997) obtained a rhizome to non-rhizome ratio of 3:1 among the F 2 progeny of S. bicolor x S. halepense hybrids, suggesting that a single dominant gene determines rhizome production. In this study, the hybrids were tetraploid since the parental S. bicolor used in the crosses was tetraploid but whether the same ratio would be seen with diploid S. bicolor £ S. halepense is unknown. However, Paterson et al. (1995) indicated that rhizome growth in S. propinquum was associated with three genomic regions, implying more polygenic control of the trait.
The relative frequency of ploidy levels in weedy/wild sorghums has not been investigated in natural populations. Such knowledge can provide useful insights into the relative fitness of different hybrid types. A higher frequency of a specific ploidy level means either the fitness of that ploidy type is higher than the others or that outcrossing simply produces more of that ploidy type. Although the two processes are not mutually exclusive, the latter scenario provides an alternative mechanism through which the frequency of a given ploidy type can increase in the absence of any fitness advantage.
Transgressive segregation, a phenomenon referring to the formation of extreme (positively or negatively) hybrid phenotypes compared to either of the parental line, may influence hybrid fitness (Rieseberg et al., 1999) . The transgressive hybrids may co-exist with their parents if they acquire niches that are different from those of their parents (Rieseberg et al., 1999) . When there is no niche differentiation, the positive transgressive hybrids are likely to overtake the parental populations by competition (Rieseberg, 1997; Rieseberg et al., 1999) . Some degree of transgressive segregation has been observed within the hybrids produced between S. halepense x S. bicolor. Piper and Kulakow (1994) found that the tetraploid F 1 hybrids [S. bicolor (4n) £ S. halepense (4n)] produced more biomass and higher seed yield than either parent but were similar to that of S. halepense for rhizome production.
Hybridization may not necessarily result in distinctive hybrid entities, but rather may act as a conduit between species through which diverse alleles and their associated traits can be transferred from one species to another (i.e., introgression) (Rieseberg, 1997) . Selection will then lead towards the fixation of advantageous alleles/traits in the recipient species and may in turn favor weediness (Whitney et al., 2006) . Introgression is commonplace among different sorghum species both in their native as well as in the introduced ranges. Several studies have found evidence of introgression by using molecular markers (Arriola and Ellstrand, 1997; Morrell et al., 2005; Jessup et al., 2012) . Morrell et al. (2015) confirmed, using RFLP markers, the presence of putative sorghum-specific alleles in S. halepense populations occurring near S. bicolor production fields. Given this, there is a potential for transgenic traits to introgress into the weedy/wild relatives of cultivated sorghum in areas where they co-exist.
Introgression of "domesticated" genes from the crop into the weedy relative may lead to maladaptation in the hybrid when exposed to natural selection. In general, many characteristics present in domesticated cultivars result from recessive, loss-of-function mutations (Paterson et al., 1997) . Crop-derived gametes involved in crop-weed hybridization would be expected to carry the recessive alleles, but would not be expressed immediately due to heterozygosity, thus limiting their effects on the fitness of F 1 hybrids . Even if the hybrid progeny obtains two copies of the recessive allele, whether these alleles can alter the fitness of the weed is context-specific and will be greatly influenced by the selection force.
V. Implications of gene flow

A. General implications
Gene flow and introgression of traits between sorghum and its weedy/wild relatives can have several agronomic and ecological implications (Figure 2 ). Gene flow from weedy/wild species to cultivated sorghum can reduce both the quality and quantity of grain production (Dillon et al., 2007) . Contamination with S. halepense pollen resulted in smaller seeds and thus reduced sorghum grain yield (Youngclaus, 1972) . Likewise, Paterson et al. (1995) reported that the presence of S. propinquum alleles in S. bicolor reduced seed size of F 2 progeny. Besides, seed abortion has been observed for hybrids between S. halepense and S. bicolor in artificial (Jessup et al., 2012) and natural (unpublished) crosses.
Gene flow may contribute to increased weediness in the hybrid progenies (Hadley and Mahan, 1956 ). For example, shattercane might have inherited the seed shattering trait from S. bicolor ssp. arundinaceum (De Wet and Harlan, 1971) . Seed shattering facilitates seed dispersal and increases the likelihood of their persistence in crop fields. Another example is S. almum, which is believed to have evolved from hybridization between S. halepense and S. bicolor. It appears that S. almum has inherited its weedy characteristics from S. halepense (Ejeta and Grenier, 2005) . In addition, transfer of weedy traits into cultivated sorghum will likely increase the potential for ferality and volunteerism and further facilitate the spread of novel traits into weedy/wild populations (Bagavathiannan and Van Acker, 2008) .
In the context of novel trait movement, gene flow has significance in both directions, crop to weedy/wild relatives and vice versa in the case of volunteer and feral sorghums, though the importance of the latter scenario is not well recognized. When gene flow occurs from a novel cultivated sorghum to its weedy/wild relatives present in cultivated fields or non-cultivated areas, the hybrids may carry the novel traits and favor their persistence in the environment. When gene flow occurs in the opposite direction, from weedy/wild relatives to cultivated sorghum, the novel traits could still be transferred to the hybrids, though the frequency of gene flow and fitness characteristics of the hybrids may differ. Seedbank input typically occurs through harvest losses and may thus facilitate the persistence of hybrid progenies in production fields. A high proportion of the seed produced in feral and volunteer sorghum plants will also return to the soil seedbank, facilitated by mowing and/or disking operations.
B. Sorghum trait-specific implications
Improving sorghum with novel agronomic, productivity and quality traits (see Table 2 ) will be vital for enhancing its productivity and utility. A number of sorghum lines with novel transgenic or non-transgenic traits are already under different stages of development. However, the actual implications of gene flow will really depend on the nature of the novel trait introduced and the adaptive advantage it confers to the progeny. Therefore, it is important to evaluate and understand the fate of specific novel traits in weedy and wild populations, on a case-bycase basis.
Attempts have been undertaken to improve the quality of sorghum grains for protein and vitamin content (biofortified sorghum) (Henley et al., 2010; . Magomere et al. (2016) tested whether the presence of biofortified genes would influence the vegetative and reproductive growth of the hybrids between cultivated sorghum (S. bicolor ssp. bicolor) and wild sorghum species (S. bicolor ssp. drummondii and S. bicolor ssp. verticilliflorum). They found that the F 2 generation hybrids were intermediate for growth and development and seedling vigor was similar to the wild species. Improvements in certain grain quality traits may favor seed predation by animals and cause a reduction in seedbank size of the hybrid lineages. A thirty-species comparative study by Gong et al. (2014) has revealed that seed nitrogen content which correlates with seed protein content has a positive effect on seed predation. However, seed predation can also lead to dispersal since not all predated seed are consumed and/or not all consumed seed lose viability (Vander Wall et al., 2005) . Tolerance to various abiotic stress factors are valuable for sorghum improvement. Among them, early season cold tolerance (Knoll and Ejeta, 2008) , and drought and salt tolerances (Maheswari et al., 2010) have been of interest for sorghum. The cold tolerance genes were transferred to sorghum via conventional breeding (Knoll and Ejeta, 2008) , whereas the drought and salt tolerance genes were inserted into sorghum using transformation techniques (Maheswari et al., 2010) . Having such abiotic stress tolerance traits in sorghum would enable us to grow this crop in much more diverse environmental conditions. At the same time, these abiotic stress tolerance traits, if transferred to wild/weedy relatives, can provide fitness advantage and influence range expansion of the progenies (Warwick et al., 2009) .
Biotic stresses (weeds, insects and diseases) are major issues that threaten sorghum production and productivity. Development of sorghum lines with tolerance to biotic stresses can be beneficial. Attempts have been undertaken to produce sorghum lines resistant to the stem borer Chilo partellus by inserting the cry1Ac gene from Bacillus thuringiensis (Girijashankar et al., 2005) . The obtained transgenic plants showed partial resistance to the stem borer larvae under controlled conditions (Girijashankar et al., 2005) . Tolerance to the fungal anthracnose, Colletotrichum sublineolum, has been developed by inserting genes encoding chitinase and chitosanase proteins into sorghum lines (Kosambo-Ayoo et al., 2011) . These biotic stress tolerance traits can provide adaptive advantage to the weedy/wild relatives. 
Novel trait
Implications of gene flow to weedy forms in production fields Implications of gene flow to wild forms outside of production fields Bio-fortification with improved protein (e.g. lysine) and vitamin (A and E) contents
High seed nutrient content may favor seed predation and seedbank loss, as well as promote secondary seed dispersal Impacts same as that of the weedy species
High seed nutrient content may increase seed decay in the natural seed bank High seed nutrient content may increase seed decay in the natural seed bank Altered lignin content and composition (Basu et al., 2011) Unknown Wild Sorghums are more sensitive to insect pests Wet-cooked digestibility (Henley et al., 2010; Che et al., 2016) Unknown Unknown
Early season cold tolerance (Knoll and Ejeta, 2008) May favor range expansion of the weedy species to much colder climatic conditions
Range expansion and possible displacement of the native flora Drought and salt stress tolerance (Maheswari et al., 2010) May favor range expansion of the weedy species to much drier and saline soils
Range expansion and possible displacement of the native flora Improving nitrogen uptake and utilization (Massel et al., 2016) Increased nitrogen uptake may increase the competitive ability of weed species against the crop Increased nitrogen uptake by wild relatives may alter the competitive interactions with native flora and also influence the nitrogen cycle dynamics in the soil Spotted stem borer (Chilo partellus) resistance through Bt genes (Girijashankar et al., 2005) Increased resistance to stem borer may release the weedy species from enemy pressure and may in turn increase its competitive ability with crops and enhance its fecundity Developing sorghum with herbicide resistance traits is of great need. Sorghum with resistance to the parasitic weed striga (Striga ssp.) could dramatically improve sorghum production in Africa. One of the suggested methods is the transfer of herbicide resistance genes into sorghum and this method has been used successfully for controlling striga in corn (Abayo et al., 1998) . The presence of a single recessive gene XA-17 in corn confers resistance to ALS-inhibiting herbicides, which are effective for striga control (Abayo et al., 1998) . The ALS-inhibitor-resistant Inzen TM sorghum lines currently being developed can greatly benefit sorghum production in terms of effective post emergence control of numerous grass weeds. However, potential transfer of this trait into weedy forms can be problematic. In this case, the herbicideresistance genes per se do not provide a fitness advantage to the hybrid progenies in the absence of herbicide selection. However, given that weedy relatives of sorghum can co-occur with cultivated sorghum in production fields, any outcrossing and transfer of the herbicide resistance trait can represent a serious agronomic management issue.
It is likely that the herbicide resistance traits can persist in the environment for long periods, unless there is a fitness penalty associated with the resistance-endowing alleles. A recent survey by Werle et al. (2016) has documented the presence of a number of ALS-inhibitor resistant S. bicolor ssp. drummondii (shattercane) and S. halepense populations in areas where these ALS-inhibitor herbicides have not been widely used for more than 15 years. It is critical that adequate measures are put in place to contain, mitigate, and manage gene flow between cultivated sorghum and its weedy/wild relatives, especially for traits that pose agronomic and/or ecological risks. The different options available in this regard and potential effectiveness of each approach are discussed in the following section.
VI. Gene flow containment, mitigation, and management
Several containment, mitigation and management methods have been suggested for addressing gene flow in plant species; some of these tactics can be effectively employed in sorghum. Gene flow and transfer of novel traits between cultivated sorghum and its weedy/wild congeners is important for both GE and non-GE cultivars. Measures to address gene flow include both genetic/molecular options as well as field management options. A relative ranking of the effectiveness of various confinement, mitigation and management strategies in reducing trait leakage/ escape is provided in Figure 3 .
A. Gene flow containment
A valuable gene flow containment strategy is to decrease or eliminate pollen/ovule availability during the flowering period. For example, cleistogamous crops characterized by non-opening, self-pollinating flowers can greatly minimize gene flow (Yoshida et al., 2007) . Cleistogamy was initially thought to contain gene flow from nontransgenic imidazolinone herbicide resistant rice to weedy rice; however, it was later found that a low level of gene flow was still occurring (Gressel and Valverde, 2009) . Simulation analysis showed a dramatic decrease in gene flow potential when the oilseed rape crop was cleistogamous (Fargue et al., 2006) . While sorghum is primarily self-pollinated, complete cleistogamy would not be a suitable option for hybrid grain sorghum seed production. A form of genetic containment has been pioneered at Texas A&M University to identify sorghum lines with genetic barriers that restrict pollen grain germination and pollen tube growth on the pistils of weedy/ wild sorghum (Rooney, 2016) . Molecular containment methods focus on techniques that prevent the escape of transgenes from the crop. One of the most widely posited containment methods is to integrate the transgene into cytoplasmic genome rather than the nuclear genome (Wang et al., 2004; Svab and Maliga, 2007) . This method takes advantage of the maternally inherited characteristics of mitochondria and chloroplast genome wherein the pollen from the crop is generally transgene-free. However, there is evidence that the maternal inheritance of cytoplasmic genome is not absolute and a small rate (<0.4%) of cytoplasmic transmission can still occur (Avni and Edelman, 1991) . Further, any escaped transgenic crop (i.e., feral/volunteer forms) can still receive pollen (as a female parent) from the wild/weedy relatives and the transgene can be transferred to the hybrids through maternal inheritance. It has been suggested that coupling the cytoplasmic transgenes with a male sterility system can markedly decrease the risk of transgene leak (Pedersen et al., 2003) . However, they could still not prevent gene flow to feral and volunteer forms (Gressel and Al-Ahmad, 2005) .
Application of total sterility wherein the crop is unable to transmit or receive pollen can alleviate any type of pollen-mediated geneflow irrespective of whether the transgenic crop acts as a pollen donor or recipient (Gressel, 2015) . In this system, the genes that are related to reproduction will be silenced or deleted using various molecular methods such as RNA induced silencing (Liu and Singer, 2013) and genome editing (Christian et al., 2013; Shan et al., 2013) ; clearly, this method is only applicable to sorghum cultivated for its biomass such as forage and biofuel sorghum.
Several other molecular containment tactics have been reported. The transgene could be inserted into the crop via a disarmed virus vector, known as the single-generation transformation system (Gressel, 2002) . In this system, the transgenes are not passed to the next generation (Choi et al., 2000; Mozes-Koch et al., 2012) . This technology has been tested for the induction of resistance to glufosinate-ammonium herbicide in cucurbits and resistance lasted up to 60 days in test plants (Shiboleth et al., 2001) . Recoverable (or double recoverable) block of function (RBF) systems (Kuvshinov et al., 2004; , chemically induced transgene expression (Oliver and Li, 2012) , genetic use restriction technology (GURT) (Hills et al., 2007) , and the use of tissue-specific promoters (Roque et al., 2007) are some other plausible transgene containment techniques for sorghum; however, most of these containment methods have been studied only at limited scales.
B. Gene flow mitigation
Transgenic mitigation methods are claimed to be a more robust choice for addressing gene flow than the containment methods (Gressel, 2015) . These methods incorporate the transgenes in tandem with beneficial or neutral genes for the crop, but detrimental to the crop-weed hybrids (Gressel and Al-Ahmad, 2005; Gressel, 2015) . Functional mitigation traits are chosen in a way that they decrease the competitive and mimicry ability of the weeds relative to the crop congeners. Traits such as dwarfing (AlÀAhmad et al., 2006) , loss of seed shattering (Li and Gill, 2006) , delayed flowering (Curtis et al., 2002) , floral ablation (Li and Gill, 2006) , and loss of bolting (Li et al., 2005) can be excellent candidates in this regard. These transgenic mitigation options will be effective in addressing gene flow in both directions (crop to weeds and vice versa). The only problem with this method is that mutation or methylation could silence the mitigation gene (Chapman and Burke, 2006) . However, insertion of two copies of the mitigator gene could greatly minimize potential deactivation of the gene (Gressel, 2015) .
Multicopy transposons bearing unfitness genes can be an alternative to the tandem mitigator gene approach (Gressel and Levy, 2014; Gressel, 2015) . In this method, the unfitness/mitigation gene(s) will be transformed to multiple copies of a transposon in the transgenic crop that is already carrying the plant protection trait of choice. The introgression of transposon into the cropweed hybrids would cause abnormal chromosomal segregation. Compared to nuclear genes that segregate only in a portion of the population, the multicopy transposons can quickly disseminate in a population in almost all progeny, making the control of individuals containing the unfitness genes very easy (Gressel and Levy 2014) . Gressel (2015) claimed that this method has the potential to eliminate more weeds from the population than the tandem insertion method. Similar to the containment techniques, most of these transgenic mitigation techniques have only been tested at small scales and in situ. Further research, therefore, is needed.
C. Gene flow management
Field management measures will be valuable in minimizing gene flow in sorghum. Planting border rows around production fields (i.e., pollen trap plants) can be useful in curtailing pollen movement (Hokanson et al., 1997) . Isolation by distance or through a buffer zone is also effective in minimizing gene flow (e.g. Jhala and Hall, 2013) , taking into account size differences between the source and recipient populations (i.e., scale dependence) (Damgaard and Kjellsson, 2005) . Models can be useful to determine effective isolation distance requirements to minimize gene flow (e.g. Damgaard and Kjellsson, 2005) . However, isolation by distance will only decrease the rate of gene flow and will not eliminate it (Gressel, 2015) . Although low levels (<0.9%) of transgene flow could be accepted in certain conventional production systems (Wang et al., 2009) , they can still have significant evolutionary consequences when gene flow transfers herbicide resistance (if the specific herbicide is used for weed management) or adaptive traits into weedy/wild populations. The frequency of novel herbicide resistance traits introduced into weed populations through gene flow can be greater than the rate of natural mutations.
Gene flow rates can also be reduced by altering production practices such that flowering synchrony between the crop and weedy/wild relatives is disrupted. However, most weeds have evolved to mimic the life cycle of crops, which gives them enough flowering overlap for gene flow to occur (Tesso et al., 2008) . For Sorghums, cultivated grain sorghum and its feral/volunteer forms may have high level of flowering overlap, but a very narrow flowering window of this species means that planting date and cultivar differences can help minimize flowering synchrony. Nevertheless, flowering synchrony is generally expected to occur between cultivated grain sorghum and its perennial congeners such as johnsongrass, owing to the indeterminate growth habit of the latter. Thus, effective control of weedy/wild relatives around production fields will reduce opportunities for gene flow and persistence of hybrid progenies in those habitats .
Effective johnsongrass management practices in grain sorghum production fields can greatly minimize pollen/ ovule availability for interspecific gene flow. In this regard, management tactics can be implemented prior to, at, and after crop harvest, with an emphasis on reducing gene flow, likelihood for seedbank addition, and persistence of hybrid progenies. Additionally, preventing seedmediated gene flow into roadsides and other areas will reduce the establishment of feral sorghum in these habitats. Control of congeners in non-cultivated areas in the sympatric landscape requires community efforts in identifying and managing them effectively. Overall, field management will be extremely helpful in minimizing the rate of outcrossing between cultivated sorghum and its weedy/ wild relatives in agricultural landscapes, but it may not be sufficient in preventing the transfer of novel traits.
VII. Summary
The potential implications of gene flow among crop and weedy/wild relatives have been a topic of intense debate in recent times (Ellstrand, 2014) . Gene flow is particularly concerning when the crops have novel genes with agronomic or environmental consequences, and have congeners present within agricultural landscapes. For cultivated grain sorghum, weedy/wild relatives with highly interlinked evolutionary trajectories (e.g. johnsongrass, shattercane) exist throughout the sorghum production areas in the US. Though the existence of crosscompatibility between sorghum species can be helpful for breeding programs, it implies an opportunity for gene flow between cultivated sorghum and its weedy/ wild relatives.
Outcrossing between grain sorghum and its weedy/ wild relatives can produce viable hybrids, but the frequency of different hybrid genotypes and their fitness relative to their parents remains equivocal. We are not aware of any experiment comparing the hybrids with their parental species concomitantly when grown under competition. Further, hybrid progenies have been shown to differ in ploidy level, yet possible associations between ploidy and fitness are not well studied. Influence of different male sterility systems on the rate of outcrossing and progeny characteristics also needs to be investigated.
The impacts of gene flow between sorghum and its weedy/wild relatives can be significant irrespective of the direction of gene flow (i.e., whether sorghum is a male or female parent). Gene flow and transfer of herbicide resistance may make it difficult to control weeds such as johnsongrass and shattercane, which have already evolved resistance to herbicides (Riar et al., 2011; Werle et al., 2014; Werle et al., 2016) . Further, transfer of novel adaptive traits into weedy/wild populations may increase their persistence in the broader environment. Nevertheless, gene flow in Sorghum spp. can be addressed effectively with the deployment of robust tools and management tactics.
An effective strategy to address gene flow will integrate all feasible avenues: genetic/molecular containment and mitigation, as well as field management. Development of more efficient transformation systems for sorghum will facilitate the implementation of transgenic mitigation tactics in elite sorghum lines. Whereas the genetic/molecular approaches can serve as the backbone for addressing gene flow in Sorghums, integration of an effective field management plan will be vital to improve the efficacy and protect the longevity of the containment/mitigation tools. Any single strategy to address gene flow will be less likely to be sustainable over the long-run. In this regard, research is necessary to develop sound stewardship practices integrating various aspects of gene flow management.
